The asymmetric oxidation of prochiral 2-(arylsulfenyl)pyrroles has been investigated. A marked electronic effect within the substrate significantly influenced the degree of enantioselectivity obtained, with very high enantioselectivity being obtained for 5-(nitrobenzensulfenyl)pyrrole-2-carboxaldehydes using Ti(i-PrO) 4 /(+)-(R,R)-DET/H 2 O/CHP. This result bodes well for optimizing the asymmetric oxidation of other diaryl sulfides, substrates that have previously given only low enantiomeric excesses.
Introduction
The use of chiral sulfoxides as auxiliaries for the asymmetric synthesis of biologically important compounds has found many applications.
1,2 For example, the efficiency of sulfoxides has been demonstrated for controlling the stereoselectivities of alkylation reactions, Michael addition reactions, aldol reactions, cycloaddition reactions, and Pummerer rearrangements.
3 Chiral sulfoxides are generally prepared using either organometallic reagents and resolved diastereomeric sulfinates (i.e. chiral sulfinyl transfer reagents), 2, [4] [5] [6] or via the asymmetric oxidation of prochiral sulfides.
2,7
Synthetic strategies involving pyrroles often require the introduction of a deactivating electron-withdrawing group that reduces the electron-rich character of the pyrrole unit. As such, the nucleophilicity of the pyrrolic core may be controlled and undesirable side-reactions minimized. 8 Whilst this control has commonly been achieved by the use of carboxylates at the 2-position the use of a sulfenyl group to mask the 2-position, rather than protect through electronwithdrawal, has recently been demonstrated. 9, 10 The utility of 2-(sulfenyl)pyrroles in acylation reactions, nitration reactions, and condensation reactions with various aldehydes, as well as the removal of the sulfenyl group using Raney nickel, highlights the sulfenyl group as a valuable masking/protecting group for pyrrolic compounds. With 2-(arylsulfenyl)pyrroles showing promise alkylsulfinates. 2 Indeed, the preparation of diastereomerically pure menthyl arylsulfinates requires multiple recrystallizations and, furthermore, menthyl alkylsulfinates (e.g. menthyl methanesulfinate) are typically oils which thus prohibits recrystallization as a strategy by which to obtain diastereomerically pure material. 12, 13 In this article, we report investigations towards an alternative approach to chiral 2-(arylsulfinyl)pyrroles involving the asymmetric oxidation of prochiral 2-(arylsulfenyl)pyrroles.
Although, numerous methodologies have been reported for the asymmetric oxidation of sulfides to sulfoxides: 2,6,14-16 so far, they have been largely limited to sulfides with two stereochemically different substitutents (i.e. aryl and alkyl). Substrates with similar groups such as dialkyl or diaryl generally lead to little or no asymmetric induction. For example, the asymmetric oxidation of methyl benzyl sulfide using a chiral titanium complex, 17,18 chiral oxaziridine, 19 chiral metallo(salen) complex, 20 or enzymatic methods 21, 22 gives the desired sulfoxide in modest/excellent yields (50-97%), but with poor enantioselectivities (14-58%). Even a recent example for the asymmetric oxidation of sulfides using hydrogen peroxide in water and a homochiral iron(III) catalyst focuses on the oxidation of methyl phenyl sulfide, with a somewhat reduced enantioselectivity being obtained for even ethyl phenyl sulfide. 23 Similarly, a very recent novel oxaziridinium salt, derived from cholesterol, gives good/excellent enantioselectivity for a variety of aryl alkyl sulfides, but no reports for diaryl sulfides are included.
24

Results and discussion
In order to probe their asymmetric oxidation, we prepared a series of 2-(arylsulfenyl)pyrroles with various substituents at the 2-and 5-positions. Following an established procedure for the preparation of 2-(phenylsulfenyl)pyrrole 2a 10, 25 from 2-(thiocyanato)pyrrole 26, 27, 28 and phenylmagnesium bromide, a series of 2-(arylsulfenyl)pyrroles 2a-2d were obtained in good In our preliminary efforts, the asymmetric oxidation of 2-(phenylsulfenyl)pyrrole 2a using tert-butyl hydroperoxide (TBHP) according to both the Kagan and Modena protocols resulted in essentially racemic sulfoxide 6a (Table I , entry 1), albeit in reasonable isolated yield. Under similar conditions, pyrroles 2e and 2f, bearing an electron-withdrawing group within the sulfenyl moiety, were oxidized using cumyl hydroperoxide (CHP) at -20 °C and 25 °C with a dramatic improvement of enantioselectivity (entries 2 and 3 vs. entry 1). Interestingly 2e, bearing one nitro group, gave an enantioselectivity of 29% under these conditions whereas 2e, with two nitro groups, gave an enantioselectivity of 78 % and so decreasing the electron-density about the sulfide appeared to result in an increased enantioselectivity. However, the use of 3a with an electron-withdrawing tosyl group on the pyrrolic nitrogen atom did not result in improved enantioselectivity, despite attempts under various conditions (entry 4). Maintaining N-tosyl substitution, the introduction of the more sterically demanding naphthyl group within 3b, rather than a phenyl or tolyl group within 3a and 3c,
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respectively, on the sulfenyl moiety did not significantly affect the oxidation reaction (entry 5 and 6A). Furthermore, and significantly, other well-known methods for asymmetric sulfide oxidation resulted in poor yields and enantiopurities with 2-(p-tolylsulfenyl)pyrrole-N-tosylpyrrole 3c (entry 6; methods C-E). The poor enantioselectivities for 3c serve to further emphasize that the preparation of enantiopure sulfoxides by the oxidation of diaryl sulfides is far from trivial.
Continuing the notion that the introduction of electron-withdrawing groups enhances the stereoselectivity of oxidation (entries 2 and 3 c.f. 1) the effect of the α-formyl substituent was investigated. Thus, 5-(arylsulfenyl)pyrrole-2-carboxylaldehydes 4a-4f were oxidized in moderate/good yields using the Kagan and Modena protocols and in all cases the enantioselectivities were enhanced (entries 8-13) over attempts using analogous pyrroles lacking the formyl group. In particular, the asymmetric oxidation of 4e and 4f provided chiral sulfoxides 7e and 7f, respectively, in 45% yield (96% ee) and 85% yield (98% ee), respectively (entries 12 and 13).
Our results regarding the asymmetric oxidation of 2-(arylsulfenyl)pyrroles possessing substitutents with varying electronic effects allow us to rationalize the effectiveness of the Kagan and Modena protocols for this transformation. Although the Kagan and Modena procedures have been widely used for the oxidation of many prochiral sulfides, the structure of the reagent responsible for the stereochemical course of the reaction is still unknown. 39, 40 In some cases, the addition of additives and the preparation of the reagent are crucial in obtaining specific chiral sulfoxides with high enantiopurities and/or yields. 37, 41, 42 More seriously, prochiral sulfides with two sterically different substitutents are generally good substrates for asymmetric oxidation, whereas substrates with similar groups often give products with low enantiopurities. For example,
Kagan and co-workers reported the asymmetric oxidation of aryl methyl sulfides using a chiral titanium complex prepared from Ti(i-PrO) 4 /(+)-(R,R)-DET/H 2 O/TBHP (1:2:1:1) to give chiral 
Conclusions
We have demonstrated the asymmetric oxidation of 2-(arylsulfenyl)pyrroles using a chiral titanium complex. Our work suggests a strong electronic effect where the incorporation of electron-withdrawing groups to differentiate the two sulfenyl substituents results in an enhancement of enantioselectivity. This method is particularly well-suited for prochiral sulfides bearing two aryl groups and expands the scope of substrates suitable for the Kagan and Modena protocols to include prochiral 2-(arylsulfenyl)pyrroles. Our current research is directed towards the preparation of a range of enantiopure 2-(arylsulfinyl)pyrroles using alternative strategies.
Experimental section
Representative procedures 2-(p-Tolylsulfenyl)pyrrole 2c:
To a solution of p-tolylmagnesium bromide [prepared from p-bromotoluene (12.0 mL, 16.8 g, 100 mmol) and magnesium turnings (2.4 g, 100 mmol) in anhydrous THF (150 mL) at 0 °C under N 2 ], was added dropwise 2-(thiocyanato)pyrrole (4.9 g, 39 mmol) in anhydrous THF (150 mL). After stirring at 0 °C for 30 min, ice-cold water (ca. 100 mL) was added. The mixture was diluted with
EtOAc and washed with sat. aqueous NH 4 Cl and brine, before being dried over MgSO 4 and concentrated to give crude 2-(p-tolylsulfenyl)pyrrole 2c which was purified using flash column chromatography (CH 2 Cl 2 as eluent) to give the title compound 2c (6.7 g, 38 mmol, 97%).
A solution of 2-(p-tolylsulfenyl)pyrrole-N-tosylpyrrole 3c (0.52 g, 1.5 mmol) in 15% vol 2M NaOH (5.5 mL, 11 mmol) in MeOH (35 mL) was heated to reflux for 2 h until no starting material remained (TLC analysis). The mixture was cooled to room temperature and diluted with EtOAc, washed with aqueous 0.1 M NaOH (3x) and brine (3x) before being dried over MgSO 4 and then concentrated to give crude 2-(p-tolylsulfenyl)pyrrole 2c (0.25 g, 1.4 mmol, 93%) which was used in the next reaction without further purification. 
2-(p-Tolylsulfenyl)pyrrole-N-tosylpyrrole 3c:
TsCl (8.1 g, 43 mmol) was added to a suspension of 2-(p-tolylsulfenyl)pyrrole 2c (6.7 g, 35 mmol) and NaOH (5.6 g, 141 mmol) in 1,2-dichloroethane (130 mL) at 0 °C. The resulting mixture was warmed to room temperature and stirred for 12 h. Water was added and the mixture was extracted with CH 2 Cl 2 (3x). The combined organic layers were washed with brine, dried over MgSO 4 , and then concentrated to give crude 2-(p-tolylsulfenyl)pyrrole-N-tosylpyrrole 3c which was purified using flash column chromatography (50% CH 2 Cl 2 in hexanes as eluent) to give the title compound 3c (10.0 g, 29 mmol, 83% 
5-(p-Tolylsulfenyl)pyrrole-2-carboxylaldehyde 4c:
POCl 3 (0.28 mL, 0.47 g, 3.1 mmol) was added dropwise to DMF (0.24 mL, 0.23 g, 3.1 mmol) at 0 °C under N 2 . The resulting mixture was heated to 100 °C and stirred for 15 min. After cooling to 0 °C, a solution of 2-(p-tolylsulfenyl)pyrrole 2c (0.25 g, 1.4 mmol; 0.05 M in CH 2 Cl 2 ) was slowly added and then heated at refluxed for 1 h. The resulting mixture was cooled to 0 °C and aqueous 1 M AcONa (50 mL) was added. The resulting suspension was heated to reflux and stirred for 1 h.
After cooling to room temperature, the mixture was extracted with CH 2 Cl 2 (3x). The combined organic layers were washed with sat. aqueous Na 2 CO 3 (3x) and brine, before being dried over MgSO 4 and then concentrated to give crude 5-(p-tolylsulfenyl)pyrrole-2-carboxylaldehydes 4c that was purified by flash column chromatography (CH 2 Cl 2 ) to give the title compound 4c (0.23 g, 1.1 
2-(p-Tolylsulfinyl)pyrrole-N-tosylpyrrole 5c:
Racemic: 50% wt m-CPBA (0.22 g, 0.60 mmol) was added to a solution of 2-(p-tolylsulfenyl)-Ntosylpyrrole 3c (0.20 g, 0.60 mmol) at room temperature for 2 h. Saturated aqueous NaHCO 3 was added and the mixture was extracted with CH 2 Cl 2 (3x). The combined organic layers were washed with brine, dried over MgSO 4 and then concentrated to give crude 2-(p-tolylsulfinyl)pyrrole-Ntosylpyrrole 5c which was purified using flash column chromatography (10% ethyl acetate in CH 2 Cl 2 as eluent) to give the title compound 5c (0.092 g, 0.27 mmol, 45%).
Asymmetric: Ti(i-PrO) 4 (0.14 mL, 0.14 g, 0.50 mmol) was added dropwise to a solution of (+)-(R,R)-DET (0.17 mL, 0.20 g, 1.00 mmol) and 2-(p-tolylsulfenyl)pyrrole-N-tosylpyrrole 3c (0.17 g, 0.50 mmol) in CH 2 Cl 2 (2 mL) under argon at room temperature. After 5 min, water (9 µL, 0.50 mmol) was added and stirring was continued at room temperature for 45 min. 80% wt Cumylhydroperoxide (0.19 mL, 0.15 g, 1.00 mmol) was then added under argon at -20 °C and stirring was continued for 20 h. Water was added and the mixture was allowed to stir for 30 min at room temperature. The resulting mixture was diluted with CH 2 Cl 2 and filtered through a pad of silica and eluted with ethyl acetate to give the crude product which was purified using flash column chromatography (10% ethyl acetate in CH 2 Cl 2 as eluent) to give the title 2-(ptolylsulfinyl)pyrrole-N-tosylpyrrole 5c (0.15 g, 40 mmol, 83%, 16% ee; determined by chiral HPLC analysis of the corresponding tosyl deprotected 6c; see Supporting Information). Y.; Tepper, P. G.; Cagnotto, A.; Mennini, T. J. Med. Chem. 1998, 41, 3763-3772. (26) Caution: in our hands, 2-thiocyanatopyrrole decomposed very readily and was also extremely liable to pass through multiple layers of latex gloves to cause stains and discomfort of the skin. 
The asymmetric oxidation of prochiral sulfides presents the opportunity of coupling the initial asymmetric synthesis with a kinetic resolution. While the kinetic resolution of racemic 7a using the Modena protocol (Table 1 , entry 8; 30% conversion, 17% ee) revealed a small kinetic preference (s = 3), the results in Table 1 indicate that the enantioselectivity occurred predominantly via the initial asymmetric synthesis. 
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